Soil water retention characteristics and hydraulic conductivity from saturation to oven dryness are needed for simulating soil water movement and solute transport, especially in arid and semiarid regions. The aim of this study was to derive a new soil hydraulic model and compare this model with the classic van GenuchtenMualem (VGM) models (M1). A total of 12 soils with varying basic properties were selected from the Unsaturated Soil Hydraulic Database (UNSODA) for the evaluation of the new model. Five pairs of soil hydraulic models were considered, including M1 and the new model with different parameters fitted (M2-M5).
. For example, Campbell and Shiozawa (1992) observed a log-linear relationship between q and h in the dry region of the SWRC and proposed a water retention model accounting for film flow. Incorporating this model into the van Genuchten-type function, they presented the SWRC from saturation to oven dryness. Morel-Seytoux and Nimmo (1999) extended the Brooks-Corey model into the dry region using the Rossi and Nimmo (1994) junction model expression. Recently, Wang et al. (2016) modified the Fredlund and Xing (1994) model for representing the entire SWRC, which produced a larger saturation degree at high matric suctions than the original Fredlund and Xing (1994) model. In contrast to the previous approach of extending capillary pressure curves from the adsorption region to zero water content, which requires a refitting of the retention curves to the data, Webb (2000) proposed a new method for a simple and convenient extension of existing capillary pressure curves without the need to refit the experimental data. However, the limitation of existing models is that they are difficult to use in numerical simulation due to two different functions applied for describing the wet and dry regions of the SWRC.
In the last few decades, several attempts have been made to represent the complete soil hydraulic conductivity curve (Tuller and Or, 2001; Tokunaga, 2009; Wang et al., 2013 Wang et al., , 2017 . The total K in saturated and unsaturated states is determined as the sum of the contributions due to capillary flow and film flow (Lebeau and Konrad, 2010) . The K due to capillary flow is often described by the Campbell (1974) and the van Genuchten-Mualem (VGM) (van Genuchten, 1980; Mualem, 1976 ) models. For estimating K due to film flow, Tokunaga (2009) developed a formula by combining the Langmuir (1938) film model with scaling analysis. Wang et al. (2013) modified the model of Tokunaga (2009) for describing K due to film flow. The noticeable advantage of this modified model is meaning and convenience, being easily coupled with any other SWRC models. Recently, Wang et al. (2017) further proposed a new model for K due to film flow that has the capacity to represent the bimodal hydraulic properties that are often present in structured and aggregated soils. However, the uncertainty in some assumed values in this new model proposed by Wang et al. (2017) limits the application of the predicted method.
In this study, we aimed to develop a simple and improved model for describing K from saturation to oven dryness and modified the van Genuchten (1980) model for representing the entire SWRC. These new models were not compared with established models that took film flow into account. The main reason is that established models used two different functions for describing the dry and wet regions of the soil hydraulic properties, which limits their application in numerical simulation. The new models derived in our study have greater natural advantage than established models. Like most of the previous studies (Wang et al., 2013 (Wang et al., , 2017 , the new models were compared with the commonly used VGM models by using a dataset consisting of 12 undisturbed soil samples selected from the Unsaturated Soil Hydraulic Database (UNSODA) (Nemes et al., 2001) , with consideration of different textural classes and porosities.
Materials and Methods

Model Development
The simple Campbell's model has been widely used to predict unsaturated hydraulic conductivity (K c ) due to capillary flow as a function of soil water content (q), which is given by 2 3 c c s s
where K s c (cm d −1 ) is the saturated hydraulic conductivity due to capillary flow, q s (cm 3 cm −3 ) is the saturated water content, and b is an empirical parameter. Similarly, the unsaturated hydraulic conductivity (K f ) due to film flow can also be defined as
where K s f (cm d −1 ) is the saturated hydraulic conductivity due to film flow, and B is an empirical parameter. According to Zhang (2011) , K s f was predicted by combining Langmuir's film model (Langmuir, 1938) with scaling analysis and expressed as ( )
where l is the effective grain diameter and c is a dimensionless constant, which can be defined as
where r is the density of water, h is the viscosity of water, e = 78.54 is the dimensionless relative permittivity of water, e 0 = 8.85 ´ 10 −12 C 2 J −1 m −1 is the permittivity of free space, u = 0.0727 N m −1 at 293 K is surface tension, k B = 1.381 ´ 10 −23 J K −1 is the Boltzmann constant, T is the absolute temperature, z = 1 is the magnitude of the ionic charge, and e = 1.602 ´ 10 −19 C is the electron charge. Based on these constants, c is calculated to be 7.649 ´ 10 −10 m 0.5 s −1 at 20°C. In the same way as Zhang (2011) , the total hydraulic conductivity (K) is obtained as the sum of K c and K f : 
Several models for predicting the relationship between h and q are available. One of the most widely used is the van Genuchten (1980) where h c (cm) is the critical matric potential above which capillary flows control flow and below which film flows control flow, q r (cm 3 cm −3 ) is the residual water content, and a (cm −1 ), n, and l are empirical shape-defining parameters. Note that q r in Eq. [7] is defined as the water content where dq/dh becomes 0, which is physically not realistic (Cornelis et al., 2005) . Previous studies have observed that a linear relationship exists between q and the logarithm of negative h at the dry end of the SWRC (Campbell and Shiozawa, 1992) . Therefore, dq/dh would never be equal to 0. In the same way as Fayer and Simmons (1995) , q r should be replaced by an expression describing adsorption of water by soil. In this case, the classic van Genuchten model can be expanded for conditions from oven dry to full saturation. According to Wang et al. (2013) , the soil water content of natural porous media accounting for film flow can be expressed as
where f is the film thickness, defined as (Wan and Tokunaga, 1997) 
Substituting Eq.
[9] into Eq.
[8] gives
However, Eq.
[10] is for smooth uniform spheres (Wang et al., 2013) . In this case, the soil water content of natural porous media due to film flow can be expressed as a more general type:
where A and t represent the effects of surface roughness and particle nonuniformity on the soil water content and film thickness. The q r in Eq.
[7] is replaced by q(h £ h c ) to give ( ) 
Equations [6] and [12] are the formulas for soil hydraulic conductivity and water retention characteristics from saturation to oven dryness.
Van Genuchten-Mualem Model
The new model developed in this study was compared with the classic VGM model (Mualem, 1976; van Genuchten, 1980) :
where l is an empirical parameter. Equations [7] and [13] are VGM formulas for soil hydraulic properties.
Soil Data Sources
The q-h-K measurements for the 12 soil samples selected from UNSODA were used in this study. This dataset consisted of 12 samples contains the q-h-K measurements from near saturation to oven dryness, with a range of water potential of −424,800 to 0 kPa. The dry-end (water potential < −1500 kPa) sections of the SWRCs were determined either with the WP4-T Dewpoint Potentiameter (Decagon Devices) or the vapor equilibration method in desiccators. The wet-end (water potential > −1500 kPa) sections of these SWRCs were measured with the sand box and pressure plate method (Chen et al., 2017) . The hydraulic conductivity was measured either with the crust method or the sorptivity method. A total of six soil textural classes were considered, including clay, silt loam, sandy loam, loam, sandy clay, and sand. The particle-size distribution, organic matter (OM) content, bulk density (BD), and q s of these soils were known. The particle-size distribution was parameterized using l according to Wagner et al. (2001) :
where n is the number of particle fractions, f i is the amount of the ith fraction, and M i is the arithmetic mean of two consecutive particle size limits. According to Haines (1930) , h c is equal to −26u/l during drainage processes. From Table 1 , the ranges of the BD, OM content, l, q s , and h c were 1.04 to 1.64 g cm −3 , 0.18 to 4.86% (w/w), 0.0025 to 0.2701 mm, 0.381 to 0.608 cm 3 cm −3 , and −2681.04 to −69.66 cm, respectively. 
Evaluation Criteria
For comparison, five pairs of soil hydraulic models were used to evaluate the measured data ( Table 2 ). The case of the VGM model (M1) was used to test the performance of the most common hydraulic model. For the other four cases (M2-M5), the performance of the new models proposed in this study was tested with different parameters fitted. The objective function f(x) to be minimized during the parameter estimation process is defined as (Peters, 2013) ( ) where w q and w K are the weights of the SWRC and conductivity data, n q and n K are the number of data pairs for the SWRC and the conductivity function, q i and K i are the measured q and K, while ˆi q and ˆi K are the model estimated values. According to Peters (2013) , w q and w K are equal to 10,000 and 16, respectively. The performance of the five cases (M1-M5) was evaluated using the root mean squared error (RMSE):
where O i and P i are the observed and predicted q or log(K) values, respectively, and N is the total number of data points for evaluation. A good model will have a low RMSE.
Morris Method of Global Sensitivity Analysis
The sensitivity of the parameters in the new model was analyzed using the Morris method (Morris 1991) , which is a specialized randomized one-at-a-time sensitivity analysis design that is an efficient and reliable technique to identify and rank important parameters. For a given value of x, the elementary effect (EE) of the ith parameter is defined as
., EE
where D is the magnitude of the step, which is a pre-established value [1/(p − 1), where p is the number of "levels" of the design over which the variables can be sampled], k is the number of input parameters, and y is the output response. The levels (p) set the selectable values that can be sampled for each variable as the set x = {0, 1/(p − 1), 2/(p − 1), …, (p − 2)/(p − 1), 1}. According to Campolongo et al. (2007) , various experimenters have demonstrated that the choice of p = 4 can produce good results. Therefore, p was also set to 4 in this study. In this case, D was equal to 1/3. Two measures, namely the mean (m) and standard deviation (s), of the set of EEs for each input parameter were computed:
where r is the number of model executions (r = 10 produced satisfactory results, as suggested by Campolongo et al., 2007) , m i assesses the sensitivity strength between the ith input parameter and the output response due to all first-and higher-order effects that are associated with that parameter, while s i indicates possible interactions with other parameters and/or that the parameter has a nonlinear effect on the output. In this study, r was set to 100 for obtaining stable results. For more details on the Morris method, see Campolongo et al. (2007) .
Results and Discussion
Performance of the Five Models for Soil Hydraulic Properties
The performance of the five models (M1-M5) for predicting the water retention and hydraulic conductivity of the 12 soils from saturation to oven dryness were evaluated in terms of the RMSE (Table 3) The new soil hydraulic models derived in this study (M2-M5) were found to have only slightly better performance than the traditional VGM model (M1) in predicting the soil water retention characteristics, with an average decrease of 0 to 32.7% in the RMSE. However, M2 to M5 produced substantially better performance than M1 in estimating soil hydraulic conductivities, with an average decrease of 33.2 to 49.7% in the RMSE. The reason is that M1 was unable to accurately describe the observed hydraulic conductivity at high pressure heads (low matric potentials), especially for the relatively coarse-textured soils (e.g., sand and sandy loam) (Fig. 1a) . Wang et al. (2013) also found that the commonly used VGM models that account for capillary forces could not describe the water dynamic at low matric potentials when film flow may Table 2 . Five pairs of soil hydraulic models applied to evaluate the measured soil hydraulic properties of hydraulic conductivity (K), water content (q), and matric potential (h).
M5 this study A, t, a, n, K s c , B, b q s , l † q r , residual water content; q s , saturated water content; a, n, and l, empirical shape parameters; K s c , saturated hydraulic conductivity due to capillary flow; A, effect of surface roughness; l, effective grain diameter; t, effect of particle nonuniformity; B and b, empirical parameters.
p. 5 of 8 Table 3 . The root mean squared errors of the five models for predicting the water retention [q(h)] and hydraulic conductivity [log (K)] of the 12 soil samples.
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Texture become the dominant process. This is related to the existence of q r in Eq. [7] , which was defined as the water content where dq/dh becomes 0, which is physically not realistic. This could result in an unrealistic path of the retention curve at low water contents (Cornelis et al., 2005) . In contrast, the models derived in this study (e.g., M2) can describe soil hydraulic conductivity from saturation to oven dryness very well (Fig. 1b) . The reason is that q r in Eq. [7] was replaced by q(h £ h c ) in Eq.
[11], which describes the soil water content accounting for film flow. Previous studies also modified the van Genuchten model and improved fits to dry data by replacing q r with an adsorption equation (Fayer and Simmons, 1995; Khlosi et al., 2006) . In addition, M2 performed slightly better than M5 in predicting soil water retention and hydraulic conductivity (Table 3 ; Fig. 1c ). This indicates that the new model with all of the model parameters being fitted is more efficient than those with two model parameters not fitted. This also implies that the saturated soil water content and effective grain diameter could be important factors in describing the hydraulic models.
Correlations between Soil Hydraulic Model Parameters and Basic Soil Properties
The fitted parameters of the M2 model are shown in Table  4 . The relationships between the soil hydraulic model parameters and basic soil properties were detected (Table 5 ). Significant negative correlations between BD and K s c (r = −0.508, P < 0.10), t (r = −0.475, P < 0.15), and n (r = −0.482, P < 0.15) were observed, while b (r = −0.539, P < 0.10) and A (r = −0.459, P < 0.15) were significantly negatively correlated with OM. The values of t (r = −0.452, P < 0.15) and a (r = 0.616, P < 0.10) were found to be significantly negatively and positively correlated with the measured l, respectively. In addition, significant positive correlations between the measured q s and K s c (r = 0.507, P < 0.10), t (r = 0.467, P < 0.15), and n (r = 0.488, P < 0.15) were also observed. No significant (P > 0.15) correlation was found between fitted q s , B, and fitted l and basic soil properties.
Previous studies also found a negative correlation between saturated soil hydraulic conductivity due to capillary flow and bulk density (Mbagwu, 1995; Celik et al., 2004) . The reason may be that the bulk density is strongly negatively related to soil porosity or q s (r = −0.988, P < 0.01). Soils with higher porosity generally provide higher moisture transport capacity. It is remarkable that no significant correlation was found between the fitted q s and the measured q s as well as between the fitted l and the measured l. This suggests that the existence of saturated water content and effective grain diameter in the hydraulic models may be physically unrealistic although the M2 model provided the best fitted result. From Table 4 , it can also be seen that the maximum fitted q s value was 0.998, which is unreasonable, showing the over-parameterization of the M2 model for predicting soil hydraulic properties from saturation to oven dryness.
Global Sensitivity Analysis of Soil Hydraulic Model Parameters
All of the parameters of the hydraulic models except A were subject to a normal distribution, while the parameter A was subject to a lognormal distribution (Table 4 ). The distribution types for these parameters were applied in the Morris-based process for global sensitivity analysis (Fig. 2) The global sensitivity analysis results show that the parameter t was the most sensitive parameter for predicting soil water retention characteristics, followed by l, q s , A, and n. 1.304 to 9.999 normal † K s c , saturated hydraulic conductivity due to capillary flow; q s , saturated water content; b and B, empirical parameters; A, effect of surface roughness; l, effective grain diameter; t, effect of particle nonuniformity; a and n, empirical shape parameters. Table 5 . Correlations between the fitted parameters and the basic soil properties of bulk density (BD), organic matter content (OM), effective grain diameter (l), and saturated water content (q s ). 488 ‡ † K s c , saturated hydraulic conductivity due to capillary flow; q s , saturated water content; b and B, empirical parameters; A, effect of surface roughness; l, effective grain diameter; t, effect of particle nonuniformity; a and n, empirical shape parameters. ‡ Significant at P < 0.15. § Significant at P < 0.10.
